Background: Human Hematopoietic Signal peptide-containing Secreted 1 (hHSS1) is a truly novel protein, defining a new class of secreted factors. We have previously reported that ectopic overexpression of hHSS1 has a negative modulatory effect on cell proliferation and tumorigenesis in glioblastoma model systems. Here we have used microarray analysis, screened glioblastoma samples in The Cancer Genome Atlas (TCGA), and studied the effects of hHSS1 on glioma-derived cells and endothelial cells to elucidate the molecular mechanisms underlying the anti-tumorigenic effects of hHSS1.
Background
Human Hematopoietic Signal peptide-containing Secreted 1 (hHSS1) is a truly novel protein, as it has no homology to any known protein, or protein domain. Consequently, hHSS1 defines a new class of secreted factors. Although little is known about hHSS1, there is evidence that hHSS1 is one of the glucose-responsive genes with both mRNA and protein secretion being regulated by glucose [1] . As such, it is speculated that hHSS1 could be associated with the functions of pancreatic islets, specifically beta-cells [1] . Recently, hHSS1 was identified as endoplasmic reticulum (ER) membrane protein complex subunit 10 (EMC10), one of the components of ER associated degradation (ERAD), an ubiquitin and proteasome dependent process [2] . The mouse orthologue of hHSS1 (C19orf63) is the only gene that is highly expressed in mice with the 22q11.2 microdeletion, an animal model used to study the association between 22q11.2 microdeletion and a strong risk for schizophrenia development [3] . Up-regulation of Mirta 22, the mouse orthologue of hHSS1, was shown to be responsible for abnormal neuronal morphology through the inhibition of neuronal connectivity, again linked to schizophrenia susceptibility and cognitive deficit [3] . It was also verified that Mirta 22 expression was purely neuronal and located in the Golgi apparatus [3] . We have previously demonstrated that ectopic overexpression of hHSS1 has a negative modulatory effect on cell proliferation and tumorigenesis, in both in vitro and in vivo murine model of glioblastoma [4] . However, the molecular mechanism by which hHSS1 suppresses cell proliferation and tumorigenesis has yet to be defined.
The National Cancer Institute (NCI) estimates that 22,340 new cases and 13,110 deaths from brain and other nervous system cancers occurred in US in 2011. Malignant gliomas are the most common and most aggressive primary brain tumor, accounting for more than half of the new cases of primary malignant brain tumors diagnosed each year in US [5] . Given the fatal effect of most neurological and brain cancers, novel approaches are needed to increase survival rate of patients diagnosed with these diseases. Contemporary treatment modalities do not substantially increase the survival rate and generally are not curative. There is a critical need to elucidate novel pathways and factors involved in the inhibition of tumor growth in glioma, in order to facilitate the development of novel anti-tumoral therapeutics that may be key in controlling and, eradicating malignant glioma. Identifying and characterizing novel proteins, such as hHSS1, opens up the possibility of discovering such novel biological functions and pathways. Thus, it is critical to characterize and dissect the anti-tumoral effect of hHSS1.
Here we have defined the global expression profile of A172 and U87 human glioma-derived cells overexpressing hHSS1 to gain insights into the mechanism by which hHSS1 acts on glioma cells and to further elucidate its function. For this purpose, we used microarray analysis to determine cellular transcriptional changes in response to 96-120 hours of hHSS1 overexpression in stably transfected cells [4] . Focused analysis of these time points would allow the identification of early hHSS1 regulated genes involved in the cytostatic effect exerted by hHSS1 in A172 and U87 human glioma-derived cells. cDNA microarray analysis might be useful for the elucidation of the key factors in tumorigenesis, and facilitate identification of genes involved in pathways related to hHSS1. This could lead to significant progress in the treatment of human disease by defining new therapeutics and novel molecular targets, particularly in glioma. Analysis of the TCGA database and the effect of hHSS1 on cell cycle, migration and invasion of glioma-derived cells, as well as the effect of hHSS1 on the angiogenic properties of HUVEC are described.
Methods
Cell culture A172 glioma cell lines (ATCC, Manassas, VA, USA) were cultured in DMEM supplemented with 10% FBS (Life technologies, Grand Island, NY, USA). The human U87 glioma cell line (ATCC HTB-14) was maintained in alpha-MEM (ATCC, Manassas, VA, USA) supplemented with 10% FBS. HUVECs (LONZA, Allendale, NJ, USA) were maintained in EGM (LONZA, Allendale, NJ, USA).
Stable transfection
The glioblastoma-derived A172 and U87 cell lines were stably transfected with hHSS1 as previously described [4] . Stable clones were maintained with 500ug ml −1 of G-418 (Invitrogen, Carlsbad, CA, USA) added to the cultures. The pcDNA3.1 construct used to stably express hHSS1 had a 6-His tag in-frame fused at the C-terminal of the hHSS1 gene.
Transcript expression profiling using microarray
GeneChip Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA) was used to obtain transcript expression profiles in wild type (non-transfected), mock stabletransfected (pcDNA3.1 empty vector) and hHSS1-stabletransfected (pcDNA3.1-hHSS1) U87 and A172 cells. U87 cells (4 × 10 5 ) were cultured in duplicate in 10 cm plates and incubated at 37°C, 5% CO 2 . After 5 days, cells were harvested by trypsinization and viability determined by trypan blue exclusion. A172 cells (2 × 10 5 ) were plated in triplicate in 10 cm plates and after 4 days the cells were harvested and counted. The expression profile of one clone of U87 cells and two clones of A172 cells (C#7 and C#8) expressing hHSS1 was evaluated. Expression of hHSS1 mRNA on stable clones was confirmed using qRT-PCR prior to microarray analysis.
Total RNA was isolated using the RNeasy minikit (Qiagen, Valencia, CA, USA). During the RNA purification process samples were treated with DNAse on the column before washing with buffer RPE. RNA characterization and chip analysis was carried out at the Functional Genomics Core of the City of Hope (Duarte, CA, USA) and at the Core Facility of Children's Hospital Los Angeles (Los Angeles, CA, USA). Technical replicates of U87 RNA samples were evaluated in triplicates and A172 cells were evaluated in biological triplicates. Expression values were determined using dChip (July 9, 2009 build) or Partek software (St. Louis, MO, USA). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [6] and are accessible through GEO Series accession number GSE61780 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE61780).
Network and pathways analysis
Ingenuity Pathway Analysis (IPA, Ingenuity® Systems, www.ingenuity.com, Redwood City, CA, USA) was done using differentially expressed genes (DEGs) with P < 0.001 with at least a 1.3 (A172 cells) and 1.5 (U87 cells) fold-change between hHSS1 expressing cells and control. For Ingenuity® iReport analysis (Ingenuity® Systems, www.ingenuity.com, Redwood City, CA, USA), gene expression was considered significant at P < 0.05 and a fold change cutoff of 2 (U87 cells) and 1.5 (A172 cells) were deemed significant. A lower cutoff was chosen for A172 cells because of the small number of DEGs. The scores generated by the network and pathway analysis are derived from a P-value and indicates the likelihood of the focus gene connectivity to be due to random chance. A score of 2 indicates that there is a 1 in 100 chance that the focus genes are together in a network due to random chance. Therefore, scores of 2 or higher have at least a 99% confidence of not being generated by random chance alone.
qRT-PCR
Validation of DEGs from the microarray analysis was done by quantitative RT-PCR. cDNA synthesis was performed by reverse transcription of total RNA using Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). qRT-PCR was performed using gene-specific primers and hydrolysis probes (Biosearch Technologies, Petaluma, CA, USA) and LightCycler 480 Probes Master Kit reagents (Roche, Indianapolis, IN, USA). All reactions were performed in triplicate, using a total of 18 μl/well with primer concentration of 100 nM, in a LightCycler 480 System (Roche, Indianapolis, IN, USA). Five different target genes were selected for each cell line. Each target was normalized to RPL32 housekeeping gene. Relative expression was calculated using LightCycler 480 Software 1.5 version (Roche, Indianapolis, IN, USA). Fold-change was determined by the ratio between cells overexpressing hHSS1/cells overexpressing empty vector, and represented by fold-change if >1 and −1/fold-change if <1. Data were represented as mean values of biological triplicates (A172) and technical triplicates (U87).
Cell cycle analysis
Exponentially growing U87 cells at growth curve day 4 and A172 cells at growth curve day 5 [4] were harvested by trypsinization and stained with 50 μg/ml propidium iodide, 100 μg/mL RNAase DNase-free (Roche, Indianapolis, IN, USA). DNA content and cell cycle distribution were analyzed by FACS (Beckman Counter, EPICS-XL, Fullerton, CA, USA). Two independent experiments were performed.
Transwell migration assay
BD BioCoat transwell chambers (BD Biosciences, Bedford, MA, USA) with 8-μM pore size PET membrane inserts for 24-well plates were used according to the manufacturer instructions. Briefly, 5 × 10 4 cells in serum free medium (DMEM or EMEM) were plated in the upper well of the transwell chambers, whereas medium supplemented with 10% FBS was added to the lower chamber as the chemoattractant. Following a 22 h incubation, the cells on the upper side of the inserts were removed using a cotton swab. The inserts were fixed in cold methanol and stained with hematoxylin and eosin (H&E, Sigma-Aldrich, St. Louis, MO, USA). The number of migrated cells attached to the other side of the insert was counted from 9 random fields using a BX41 Olympus microscope (Center Valley, PA, USA) equipped with 20X objective lens. Pictures were taken at a magnification of 200× using a DP73 camera (Olympus, Center Valley, PA, USA) mounted on the microscope. Two independent experiments were done in duplicates. We performed a co-culture assay to verify a glioblastoma cell-induced migration of HUVEC cells. Briefly, U87 or A172 cells (2.5 × 10 5 ) were seeded in the outer chamber of a 24-well plate with DMEM or EMEM supplemented with 2% FBS. Cells were allowed to adhere for 8 h at 37°C, 5% CO 2 . After that, media was changed to serum-free media containing 0.1% BSA and incubated overnight at 37°C, 5% CO 2 for conditioned media production. Next day, 2.5 × 10 4 HUVEC cells (1:10 ratio of glioblastoma cells) in serum-free media containing 0.1% BSA were seeded in the upper chamber. After 24 h, migrated cells from 21 fields were counted. Pictures were taken at a magnification of 200×. Two independent experiments were performed in duplicates.
Transwell invasion assay
Invasion assays were performed using BD BioCoat Matrigel Invasion Chambers (BD Biosciences, San Jose, CA, USA) according to the manufacturer instructions. Briefly, A172 or U87 (5 × 10 4 ) cells in serum free medium (DMEM or EMEM) were plated in the upper well of the transwell chambers, whereas medium containing 10% FBS was placed into the lower chamber. The cells were allowed to invade thought the matrix for 24 h. After that, the cells growing on matrigel in the upper chamber were removed using a cotton swab. The inserts were fixed in cold methanol and stained with H&E. The number of invaded cells attached to the other side of the insert was counted from 9 random fields. Pictures were taken at a magnification of 200×. Two independent experiments were done in duplicates. Coculture assay to verify a glioblastoma cell-induced invasion of HUVEC cells was performed. This experiment was done using the same conditions as mentioned above for the HUVEC co-culture migration assay, with the exception that inserts coated with matrigel were used. Two independent experiments were done in duplicate.
Angiogenesis assay
The angiogenesis in vitro assay was conducted in 96-well plates coated with 50 ul of ECMatrix™ (Millipore, Billerica, MA, USA) following the manufacturer's instructions. HUVEC cells (2.5 × 10 4 cells/well) were treated with purified hHSS1-his or vehicle control (PBS 1X) in EGM (LONZA, Allendale, NJ, USA) containing 1.2-1.5% FBS. Briefly, cells were pre-treated with 500 nM and 200 nM of hHSS1-his or vehicle control for 3 h at 37°C, 5% CO 2 . Vehicle control was diluted following the protein dilution scheme. HUVECs were then plated onto matrigel-coated plates and incubated at 37°C, 5% CO 2 for 8 h to allow tube formation. After that, cells were stained with 0.5% crystal violet diluted in 50% ethanol and 5% formaldehyde and tube formation was evaluated. Two independent experiments were done in duplicate.
TCGA database analysis
We selected 428 glioblastoma (GBM) samples from the TCGA database that had both level 3 UNC Agilent G4502A microarray gene expression data and corresponding clinical information. A list of 12 genes was prospectively selected to correlate with hHSS1 gene expression. These genes were: ADAMTS1, APLN, BRCA1, BRCA2, CDKN2A, COL18A1 (endostatin), EGFR, JAM2, MMP9, RAD51, STAT3, and THBS1. hHSS1 expression was compared with the selected genes using pairwise Pearson correlations, with r values ≥ 0.128 being considered significant. High and low hHSS1 expression (Log2-transformed) was subdivided by the median expression level of the GBM cohort, and mean gene expression levels between high and low hHSS1 expression cohorts for each of the 12 genes was compared by the two-tailed Student's t-test. Differences were considered statistically significant when P < 0.01.
Statistical analysis
Differences among groups in the cell cycle analysis were determined by one way ANOVA with Tukey's test for pairwise post-hoc comparisons. Differences were considered statistically significant when P < 0.05. For the migration and invasion assays, two-tailed Student's t-test was performed to establish the statistical significance of differences between control cells and hHSS1-expressing cells. Differences were considered statistically significant when P < 0.01.
Results

Overview of microarray analysis
Exponentially growing A172 and U87 cells were harvested after 4 and 5 days, respectively. hHSS1-expressing cells and control cells were at confluence 40-80% when harvested. Trypan blue analysis of the number of viable cells showed a significant antiproliferative effect in both cell lines expressing hHSS1 as compared to the control cells (A172/U87 wild-type and A172/U87-pcDNA3.1 empty vector). This supports our previously reported data [4] .
Total RNA was analyzed on Affymetrix GeneChip Human Gene 1.0 ST Array which contains 28,869 genes represented by approximately 26 probes spread across the full length of the gene. These genes, along with their foldchange values, served as input to Ingenuity® iReport or IPA (Ingenuity® Systems, www.ingenuity.com). Canonical pathways are shown as depicted by Ingenuity® iReport or IPA. A right-tailed Fisher's exact test was used to identify over-represented functions/canonical pathways. The Pvalues derived through these analyses were based on: 1) total number of functions/canonical pathways eligible molecules that participate in that annotation; 2) total number of knowledge base molecules known to be associated with that function; 3) total number of functions/canonical pathways eligible molecules, and 4) total number of genes in the reference set.
Up-regulated and down-regulated genes in hHSS1-overexpressing A172 and U87 cells
With a cutoff value of a 2 fold change (FC), expression of 1,034 genes was significantly altered when hHSS1 was overexpressed in U87 cells (Table 1 and Table 2 ). The molecules JUN, CDK1, VEGFA and FOS showed the highest connectivity ranking. The most down and up-regulated genes were functionally heterogeneous, among them were transcriptional regulators (ANKRD1, MYBL2), growth factors (GDF15, PGF) enzymes (SLFN11, DHCR24, FBXO32, GCNT3), transporters (ATP6V0D2), phosphatases (ACPP, PTPRF), peptidases (ADAMT55), cytokines (IL1RN, IL1A), kinases (PDK3, RSPO3), G-protein coupled receptors (GPR155, C3AR1) and transmembrane receptors (IL13RA2). There were many transcripts represented that did not have any known protein subcellular localization (CT45A5, PNLIPRP3, LOC654433, LOC151760, ANO3, MT1M, GLB1L2, FAM115C, C4orf49, FAM111B, FAM70A) ( Table 1 and Table 2 ).
The most up-regulated genes in U87 cells were interleukins and receptors (IL1A, IL13RA2, IL1RN), CT45A5 from the cancer/testis (CT) family of antigens, and the cytoplasmic transporter ATP6V0D2 ( Table 1 ). The most down-regulated genes were thrombospondin 1 (THBS1) and histone cluster 1 (HIST1H1A). Among the most down-regulated genes in U87 is apelin (APLN), a ligand for the angiotensin-like 1 (APJ) receptor [7, 8] and a novel factor involved in angiogenesis (Table 2) .
We identified 84 differentially expressed genes in A172 cells due to hHSS1 overexpression, when a lower FC cutoff of 1.5 was used (Table 3 and Table 4 ). Thus, overexpression of hHSS1 had a larger effect in U87 compared to A172 cells. KRT15 and MCM10 were the molecules with highest connectivity. Among the most up-regulated genes in A172 cells were zinc finger protein 22 (ZNF22), keratin 81 (KRT81), the enzyme arylacetamide deacetylase (AADAC) and the extracellular protein amelotin (AMTN) ( Table 3 ).
The most down-regulated were the coiled-coil domain containing 102b (CCDC102B) and the pote ankyrin domain family member B (POTEB) ( Table 4) . Fifteen genes were concordantly altered in both U87 and A172 cell lines, 14 were down-regulated (JAM2, FAM115C, MNS1, ERCC6L, EMP2, EZH2, TMOD1, GPSM2, XRCC2, SGOL2, SMC2, FAM64A, MCM10, SHCBP1), and 1 was up-regulated (TAF4B). Two genes were altered in different direction with hHSS1 overexpression: the complement factor I (CFI) was up-regulated in U87 cells (FC: 2.9) while it was down-regulated in A172 cells (FC:-1.7). Likewise, tek tyrosine kinase (TEK) was upregulated in U87 (FC: 2.2) but it was down-regulated (FC:-2.1) in A172 cells.
Network, pathway and functional analysis of genes influenced by hHSS1 overexpression in human U87 and A172 glioma cell lines
We evaluated the interaction and functional importance of the signaling pathways involving genes significantly modulated by hHSS1. The list of differentially expressed genes analyzed by IPA revealed significant networks and interactions. Figure 1 shows the top networks identified by IPA in both U87 and A172 cells. The highest significant network with 27 focus molecules and a significance score of 43 in the U87 cell dataset revealed genes related to the cell cycle, cell death, DNA replication, recombination and repair ( Figure 1A ). There was a significant upregulation of ANKRD1, a nuclear factor that has negative transcriptional activity in endothelial cells [9] . Figures 1B shows the top network found in A172-hHSS1 clone #7. With a score of 48, the top network included molecules involved in cell cycle, cellular assembly and organization, DNA replication, recombination and repair. The highest significant network in A172-hHSS1 C#8 with a significance score of 50 revealed genes related to tissue morphology and cellular development ( Figure 1C) .
The pathway analysis of U87 cells strongly suggest that hHSS1 modulates genes related to the role of BRCA1 in DNA damage response (17 DEGs, P = 1.70e −9 ), ATM signaling (13 DEGs, P = 1.69e −6 ) and the mitotic roles of polo-like kinases pathway (14 DEGs, P = 2.53e −6 ). The top most significant pathway showed that 17 differentially expressed genes in U87 cells were related to the DNA damage response involving members of the BRCA family ( Figure 2 ). hHSS1 down-regulated complexes of protein, namely BRCA1, BRCA2, Rad51, BARD and FANCD2 in U87 cells. These proteins are responsible for regulating the S and G2 phases of cell cycling. Genes involved in homologous recombination and chromatin remodeling were also down-regulated. The transcriptional regulator E2F5 responsible for the G1/S phase transition was the only gene up-regulated in this pathway. The top 3 pathway in U87 cells regulated by hHSS1 was related to genes involved in the mitotic roles of polo-like kinases (Figure 3 ), which included genes involved in centrosome separation and maturation (EG5, CDC2 and cyclin B), mitotic entry (CDC25, PLK, CDC2 and cyclin B) and metaphase and anaphase transition (APC, CDC20, PRC1, cyclin B, SMC1 and Esp1). Moreover, the functional analysis of differentially expressed genes in U87 cells, robustly suggested that hHSS1 affects the cell division process of chromosomes (57 DEGs, P = 7.75e
), segregation of chromosomes (34 DEGs, P = 4.49e −23 ), mitosis (73 DEGs, P = 2.33e −19 ), M phase (45 DEGs, P = 1.53e −17 ), cell cycle progression (120 DEGs, P = 2.86e
), cell death of tumor cell lines (141 DEGs, P = 1.80e −15 ) and proliferation of cells (235 DEGs, P = 2.23e
−15
). In A172 cells, the most significant pathways affected by hHSS1 overexpression were related to metabolism. Among them were butanoate and propanoate metabolism and the pathways related to valine, leucine and isoleucine degradation. The top most significant pathway was the butanoate metabolic pathway (A172-hHSS1 C#7: 5 DEGs, P = 4.35e ; A172-hHSS1 C#8: 4 DEGs, P = 1.41e −4 ). Four genes were differentially expressed: AADAC and ECHS1 were up-regulated while ACAT2 and ELOVL6 were downregulated. The most affected biological processes in A172 cells were cell-cell contact (A172-hHSS1 C#8: 5 DEGs, P = 1.10e
), growth of melanoma cell lines (A172-hHSS1 C#8: 3 DEGs, P = 1.49e
) and migration of embryonic cell lines (A172-hHSS1 C#8: 3 DEGs, P = 2.25e
−3
). The biological process analysis was not determined for A172-hHSS1 C# 7. 
Validation of microarray data at the RNA level
For validation of microarray data, a sub-set of differentially expressed genes were selected corresponding to the highest fold-change and particularly those which were involved with proliferation, adhesion, migration and invasion. We assessed changes in gene expression using qRT-PCR for five different genes for each cell line: CCDC102B, XIRP2, ANKRD30B, EDIL3 and JAM2 for A172 cells evaluation; and the genes IL13RA2, ANKRD1, APLN, NCAM2 and THBS1 for U87 cells. From the genes selected for validation, only XIRP2 showed a discrepancy in gene expression between qRT-PCR and microarray analysis for both A172 C#7 and C#8 clones ( Figure 4 ).
Effect of hHSS1 overexpression on cell cycle phases in human U87 and A172 glioma cell lines
We next evaluated the cell cycle phases in U87 and A172 cells in order to corroborate the microarray findings of differentially expressed genes in pathways related to cell cycle regulation. Previously we had shown that cell proliferation significantly decreased in cells overexpressing hHSS1 and observed a 5 and 10 hours delay in doubling time for U87 and A172, respectively [4] . The cell cycle analysis of day 4 and 5 from U87 and A172 cells respectively, showed a significant decrease of cells in phases G0/G1, while a significant increase in cells was seen in S and G2/M phases in U87 cells overexpressing hHSS1 ( Figure 5) . No difference in cell cycle distribution was observed for A172 cells, except for a significant decrease in S phase for A172-hHSS1 expressing cells compared with A172-wild type. Taken together, these results indicate that hHSS1 overexpression in A172 cells does not regulate a specific cell cycle phase but could prevent the overall progression of the cell cycle once it lead to a 10 hours delay in doubling time. This finding is consistent with the observed modulation of genes related to metabolic pathways.
hHSS1 overexpression inhibits migration and invasion of human U87 and A172 glioma cell lines
One of the hallmarks of glioblastoma cells is that they infiltrate surrounding normal brain tissue and so lose constraints on cell migration. Our microarray analysis indicated that hHSS1 up or down regulated genes involved in cell migration, invasion and angiogenesis. To clarify an effect of hHSS1 on these key events involved in tumorigenesis, we used the modified Boyden chamber assay to study the migratory and invasive properties of U87 and A172 cells overexpressing hHSS1 ( Figure 6 ). U87 cells overexpressing hHSS1 significantly lost their ability to migrate and invade through a matrigel matrix, compared to the U87-pcDNA.3.1 control cells. For A172 cells, C#7 but not C#8, showed a significant decrease in cell migration compared with the control. Moreover, hHSS1 had no effect on A172 invasion, indicating that overexpression of hHSS1 does not have a consistent effect on the migratory and invasive properties of A172 cells. Taken together, our data demonstrate that overexpression of hHSS1 decreases the invasive properties of U87 cells but has no effect on A172 cells. tumor cells is known for establishing an endothelial phenotype consistent with the initial stages of angiogenesis [10] . In order to determine if hHSS1 had an effect on angiogenesis, as suggested by our microarray analysis, we evaluated the ability of hHSS1 to impact these critical events in a co-culture assay. Glioma cells overexpressing hHSS1 and HUVEC were co-cultured in transwell chambers, and the tumor-induced migration and invasion of HUVEC through matrigel was estimated (Figure 7) . At a 1:10 HUVEC:U87 ratio, there was a significant decrease in the invasion of HUVEC co-cultured with U87-hHSS1 cells compared to HUVEC co-cultured with U87-pcDNA3.1 control. However, overexpression of hHSS1 did not affect the migration of HUVEC cells co-cultured with U87 cells. It was previously reported that U87 cells promote morphogenetic changes in HUVEC, including the formation of net-like structures resembling neovasculature [10] . We noted that endothelial cells that invaded the matrix, in co-culture with U87-pcDNA3.1 control cells, appeared elongated with a narrower extended shape and aligned themselves to form net-like structures ( Figure 7A , black arrow). In contrast, HUVEC co-cultured with U87-hHSS1 had a rounded or 'teardroplike' morphology, and did not align themselves to form netlike structures ( Figure 7A ). HUVEC growing in co-culture with A172 C#7 and C#8 overexpressing hHSS1, displayed significant decrease in both migration and invasion ability when compared to HUVEC co-cultured with A172-pCDNA3.1 control cells ( Figure 7B ). These findings indicate that hHSS1 can impact angiogenesis, as it suppresses the tumor-induced HUVEC phenotype related to cell migration and invasion.
Purified hHSS1 protein inhibits in vitro angiogenesis
The migration and invasion of endothelial cells are essential for the formation of new blood vessels during neoangiogenesis, and consequently are critical events for tumor growth. Because ectopic overexpression of hHSS1 in glioma-derived cells strongly inhibited HUVEC cell migration and invasion, we examined the effect of purified hHSS1 on the potential of HUVEC to form capillary-like Figure 3 Mitotic roles of polo-like kinase pathway is regulated by hHSS1-overexpression in U87 cells. Blue color indicates down-regulation of a gene, orange color indicates up-regulation of a gene. This analysis was done using Ingenuity iReport.
structures. As shown in Figure 8 , HUVEC growing on matrigel treated with vehicle control formed complex network of tubes after 8 h, which was inhibited and disrupted in a concentration-dependent manner by treatment with 500 nM or 200 nM of purified hHSS1.
hHSS1 expression in GBM samples from the TCGA database hHSS1 mRNA expression in 428 GBM samples from the TCGA database was compared to a list of 12 genes selected based on their involvement in GBM, invasion, migration, angiogenesis and significant pathways or networks identified from the U87/A172 cells overexpressing hHSS1. This analysis revealed a highly significant but weak inverse correlation with BRCA2 (r = −0.224, P < 0.0005) ( Figure 9A ). Moreover, statistically significant inverse correlation with ADAMTS1 (r = −0.132, P < 0.01) and direct correlation with endostatin (r = 0.141, P < 0.005) were found (data not shown). The subdivision of the GBM cohort based on high and low hHSS1 expression showed that the levels of BRCA2 and ADAMTS1 expression on hHSS1-high expression group are significantly lower compared to hHSS1-low expression group (P < 0.00006 and P < 0.014, respectively) ( Figure 9B ). Additionally, higher expression of endostatin was significantly found in hHSS1-high expression group compared to HSS1-low expression group (P < 0.048).
Discussion
In this study we have combined advanced bioinformatics with functional assays and subsequently identified key biological pathways directly or indirectly affected by hHSS1. The observed effect of hHSS1 included DEGs having either stimulatory or inhibitory effects, but ultimately leading to inhibition of tumoral and angiogenic properties. hHSS1 overexpression strongly affected a number of transcriptional regulators, enzymes, growth factors, transporters and extracellular matrix proteins, hence altering important signaling pathways, and impacting biological functions. The pathway analysis approach using IPA and Ingenuity® iReport indicated that hHSS1 plays a role in several biological functions considered hallmarks of cancer, including cell proliferation, cell cycle regulation, DNA replication, DNA repair, angiogenesis, cell migration, and cell invasion. Previously, we have shown that hHSS1 overexpression negatively regulated proliferation of U87 and A172 cells [4] . Our microarray data of the same set of cells evaluated by pathway analysis yielded a similar effect of down regulation of genes involved in proliferation, cell cycle progression and cell division process. Furthermore, the cell cycle analysis demonstrated that the inhibition of U87 cell proliferation was accompanied by a decrease of cells in G0/G1 and a concomitant increase of cells in S and G2/M. The down regulation indicated by microarray analysis of cyclin E, cyclin B, CDC2 and a complex of proteins (BRCA1, BRCA2, Rad51, BARD and FANCD2) responsible for regulating the S and G2 cell cycle phases, might partly explain the inhibitory effect of hHSS1 overexpression on proliferation previously reported for U87 cells.
The IPA top molecular network included ANKRD1 as the most up-regulated gene in U87 cells, a nuclear factor that has negative transcriptional activity in endothelial cells [9] . There are indications that ANKRD1 (CARP) is a direct target of TGF-b/Smad signaling and acts as a negative regulator for cell cycle progression [11] . Thus, hHSS1 presumably could be targeting the TGF-b/Smad pathway via ANKRD1 up-regulation. Many genes with direct and indirect relationship with E2F gene were down-regulated by hHSS1. The E2F transcription factor family is known to play a central role in the expression of genes required for cell cycle progression and proliferation, particularly genes involved in DNA synthesis [12] . Thus, we can speculate that E2F play an important role in coordinating events associated with cell cycle arrest mediated by hHSS1. In parallel, hHSS1 regulated genes involved in centrosome separation and maturation (EG5, CDC2, cyclin B), mitotic entry (CDC25, CDC2, Cyclin B, PLK), metaphase and anaphase transition (CDC, APC, PRC1, Cyclin B, Esp1, SMC1), which could also have an effect on cell cycle and consequently cell proliferation. Conversely, hHSS1 overexpression in A172 cells does not seem to regulate a specific cell cycle phase. However, IPA and Ingenuity® iReport pathway analysis of A172 cells indicated that hHSS1 modulated genes related to metabolic pathways, which could in part have an effect over the global protein expression, thereby contributing to the regulation of proliferation. Thus, we can presume that hHSS1 mechanisms governing cell proliferation in A172 and U87 cells might be different. This difference may be explained based on the dissimilar deletions and genetic mutations linked to these cell lines [13] .
It is worthy of note that IL13RA2 was the most upregulated gene induced by hHSS1 in U87 cells. The IL13RA2 gene is often overexpressed in brain tumors [14] and is involved in the invasion and metastasis of ovarian cancer cells [15] . Overexpression of the IL13RA2 chain in human breast cancer cell line and pancreatic cancer cell line inhibited tumor development in nude mice, probably mediated by IL-13 [16] . IL13RA2 overexpressing tumor cells produced high levels of IL-8 which has been shown to reduce tumorigenicity in several tumor models [16] [17] [18] . Decreasing the expression of the IL-13 receptor also leads to an increasing tumorigenicity [16] .
Overexpression of hHSS1 affected the migratory and invasive properties of U87 cells induced by FBS as a chemoattractant. In A172 cells, IPA top molecular network analysis showed that several genes down-regulated by hHSS1 are target genes regulated by VEGF or genes responsible for ERK regulation. However, we did not observe in vitro a consistent negative regulation of A172 stable clones migratory or invasive proprieties induced by hHSS1. Variations in migratory and invasive proprieties induced by hHSS1 in different glioma cell lines are likely due to diverse genetic background (e.g. mutations and deletions) [13] , probably involving other signaling pathways and molecules. Our data however, showed that A172 glioma-derived cells overexpressing hHSS1 significantly inhibited HUVEC migration and invasion in low-serum protein conditions, indicating an indirect functional role for hHSS1 in angiogenesis. Moreover, in the same cell culture conditions, U87 cells overexpressing hHSS1 inhibited invasion but not migration of HUVEC cells. It has been previously reported that stimulation of endothelial cells by tumor cells establishes an endothelial phenotype consistent with the initial stages of angiogenesis [10, 19] . Although U87-overexpressing hHSS1 cells did not inhibit HUVEC migration, restraint of relevant morphological changes indicative of early angiogenesis were noted in HUVECs that invaded the matrix (i.e. HUVECs did not align themselves to form net-like structures relative to the control cells). Inhibition of net-like formation of HUVEC in co-cultures is consistent with the action of angiogenesis inhibitors like angiostatin and endostatin [10] . Additionally, we found that treatment of HUVEC cells with purified hHSS1, efficiently inhibited HUVEC tube formation ability, indicating that there is a direct functional relation between hHSS1 and HUVEC cells. Further mechanistic studies are required to determine how hHSS1 inhibits tube formation. However, our microarray data of U87 glioma cells indicated that hHSS1 down-regulated genes involved in angiogenesis, including THBS1 and APLN. THBS1 is reported to stimulate or inhibit cell adhesion, proliferation, motility and survival in a context-dependent and cell-specific manner [20] . Although THBS1 is a potent inhibitor of angiogenesis, Nterminal proteolytic and recombinant peptides related to THBS1 have clear pro-angiogenic activities mediated by beta-1 integrins [21] . Moreover, glioma cell lines secrete significant levels of THBS-1, and high levels of THBS1 have been found in glioma tissues [22, 23] . Among the most down-regulated genes in U87 is APLN, a ligand for the angiotensin-like 1 (APJ) receptor [7, 8] . APLN expression has been observed to be highly up-regulated in the microvasculature in brain tumors. In particular, APLN has been shown to be needed for intersomitic vessel angiogenesis and the promotion of angiogenesis in brain tumors [24] . It is of further interest that ADAMTS5 was among the highly up-regulated genes. ADAMTS5 is a metalloproteinase with the ability to slow tumor growth and diminish tumor angiogenesis, together with reduced tumor cell Figure 6 Overexpression of hHSS1 significantly affects the migration and invasion of glioma cells. A) Transwell migration assay for U87 and A172 cells overexpressing hHSS1 or control vector. B) Matrigel invasion assay for U87 and A172 cells overexpressing hHSS1 or control. 10% FBS serum was added as chemoattractant. After 24 h incubation, cells that migrated through the membrane or invaded through the matrix were fixed, stained with H&E and pictures (200x, magnification) of 9 fields of each replicate was taken for cells counting. Two independent experiments using duplicates were done for each assay. Data shown are mean ± SEM. **P < 0.01; ***P < 0.001, t-test. Figure 7 Overexpression of hHSS1 impacts U87 and A172 tumor-induced HUVEC migration and invasion. A) Transwell migration and invasion assay for HUVEC co-cultured with U87 cells overexpressing hHSS1 or control vector. B) Transwell migration and invasion assay for HUVEC co-cultured with A172 cells overexpressing hHSS1 or control vector. Glioma cells were seeded in the bottom chamber containing media with 2% FBS. After 24 h, media was changed to serum-free media supplemented with 0.1% BSA. HUVEC were seeded in the upper chamber containing media with 0.1% BSA. A172 or U87 cells were seeded at 10:1 ratio of HUVEC. After 24 h, cells that migrated and invaded the matrix were fixed, stained with H&E and pictures (200x, magnification) of 21 fields of each replicate were taken for cells counting. Two independent experiments using duplicates were done for each assay. Data shown are mean ± SEM. ***P < 0.001, t-test. Black arrow shows net-like formation of invaded cells. Figure 8 Purified hHSS1 inhibits HUVEC tube formation in a concentration-related manner. HUVEC growing on top of matrigel were treated with different concentrations of purified hHSS1 or vehicle control (PBS). Cells were pre-treated with hHSS1-His protein or vehicle control for 3 h before plating on top of matrigel. After 8 h, cells were stained with crystal violet and tube formation was evaluated. Images (100x, magnification) are representative of two independent experiments done in duplicate. A and C) Inhibitory effect of purified hHSS1-His on tube formation using 500 nM and 200 nM of hHSS1 protein, respectively. B and D) Vehicle control was diluted following the protein dilution scheme.
proliferation and increased tumor cell apoptosis [25] . The fact that hHSS1 strongly down-regulates THBS-1 and APLN, and highly up-regulates ADAMTS5 in the hHSS1-overexpressing cells is consistent with the observed in vitro results where angiogenesis was greatly suppressed by purified hHSS1. It is important to note that the GBM TCGA database analysis did not show a significant correlation between hHSS1 and the expression of APLN and THBS-1 genes, as observed for the microarray analysis using U87 hHSS1-overexpressing cells. This discrepancy could be due to potentially lower expression levels of hHSS1 in tumor tissues (not higher than 3.5-fold relative to normalization controls) compared to U87 cells ectopically overexpressing hHSS1 (11.7-fold). In addition, most of the 12 genes evaluated were expressed in the tumor tissue at relatively lower levels than 3.5-fold.
It was recently suggested that BRCA1-2 carriers present higher expression of angiogenic factors VEGF, HIF-1a and higher microvessel density than in sporadic cancers [26] , thus providing a link between BRCA genes and angiogenesis. Interestingly, the analysis of GBM dataset from TCGA revealed a highly significant inverse correlation between hHSS1 and BRCA2 expression, and that the levels of BRCA2 expression on HSS1-high gliomas were also significantly lower than on HSS1-low expression gliomas. This finding is intriguing in light of tube formation data that suggested purified hHSS1 inhibits HUVEC tube formation, thus implicating a role of hHSS1 in angiogenesis. It has been shown that BRCA2-defective cancer cells or treatment of cancer cells with BRCA2 siRNA significantly reduces BRCA2 protein and mRNA expression, leading to tumor radio-sensitization in vitro and in vivo, mainly through the inhibition of homologous recombination repair [27, 28] . Moreover, knockdown of BRCA2 greatly sensitizes glioma cells to DNA double strand breaks and the induction of cell death following temozolomide and nimustine treament [29] .
ADAMTS1 is a protease commonly up-regulated in metastatic carcinoma. ADAMTS1 processing of versican is important in cell migration during wound healing and endothelial cell invasion [30, 31] . In addition, up-regulation of ADAMTS1 in tumors participate in the remodeling of the peritumoral stroma, tumor growth and metastasis [32] . Our analysis from the TCGA database suggest a significant inverse correlation between hHSS1 and ADAMTS1 expression, which is consistent with a role of hHSS1 in inhibition of tumor growth, progression and metastasis. GBM from TCGA also revealed a significant positive correlation between hHSS1 and endostatin (COL18A1) expression. Endogenous expression of endostatin by C6 glioma cells result in a reduced tumor growth rate in vivo that is associated with inhibition of tumor angiogenesis [33] . Further studies are required to clarify a correlation between a down-regulatory effect of hHSS1 on BRCA2 and ADAMTS1 genes as well as a direct correlation between hHSS1 and endostatin. However, our data suggest that hHSS1 could also potentially be developed as an adjuvant therapy for the effective treatment of gliomas.
It was reported that endostatin blocks VEGF-induced tyrosine phosphorylation of KDR/Flk-1 and activation of ERK, p38 MAPK, and p125FAK in human umbilical vein endothelial cells [34] . IPA top molecular network analysis in A172 cells showed that several genes down-regulated by hHSS1 are target genes regulated by VEGF or genes responsible for ERK regulation. Development of endostatin has been undertaken for the treatment of gliomas based on extensive preclinical data [35] . The mechanism of action focused on inhibition of angiogenesis highlights the possibility of combining hHSS1 and endostatin in the potential treatment of glioma. A potential synergistic effect could even lead to dose reductions in the level of administered therapeutic agent.
Angiogenesis is a complex process that involves the activation, proliferation, migration and invasion of endothelial cells to form new capillaries from existing blood vessels. The endothelial cells involved in tumor development Figure 9 hHSS1 expression analysis in GBM from the TCGA dataset. A) Correlation analysis between hHSS1 and BRCA2 expression (r = −0.224, P < 0.0005). B) Log2-transformed gene expression levels for selected genes between high and low-hHSS1 expression cohorts. Mean gene expression levels between cohorts were compared by two-tailed Student's t-test, P < 0.01. P values -HSS1 lo vs. HSS1 hi : (hHSS1, P < 6.55e ), (ADAMTS1, P < 0.014), (BRCA2, P < 0.00006), Endostatin (COL18A1), P < 0.048).
dissolve their surrounding extracellular matrix, migrate toward the tumor, proliferate and form a new vascular network [36] . The anti-angiogenic effect of hHSS1 seems to correlate with the effect of the potent angiogenesis inhibitor endostatin [37] , in that both proteins are extracellular proteins with the ability to negatively regulate HUVEC cell migration, invasion, tube formation as well as invasion of tumor cells [38] .
Conclusions
It has been proposed that the ideal cancer-therapy should be directed at two distinct cell populations, a tumor cell population and an endothelial cell population, each of which can stimulate growth of the other [39, 40] . Combined treatment of each cell population may be better than treatment of either compartment alone [41] . Our microarray and in vitro data suggest that hHSS1 protein is involved in the negative regulation of fundamental biological processes such as cell proliferation, migration, invasion, tumorigenesis and angiogenesis. Therefore, hHSS1 could be a potential therapeutic to target not only glioma tumor cells growth, but also endothelial cell neovascularization, and could provide a novel therapeutic intervention along with chemotherapy. Competing interests KSJG, CEL, VM, LS and LAB are employees of Neumedicines Inc. and also hold stock in the company. CJW, RC and TGG declare no conflict of interest.
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